Objective: To review clinical and pre-clinical evidence supporting the role of visual pathways, from the eye to the cortex, in the development of photophobia in headache disorders. Background: Photophobia is a poorly understood light-induced phenomenon that emerges in a variety of neurological and ophthalmological conditions. Over the years, multiple mechanisms have been proposed to explain its causes; however, scarce research and lack of systematic assessment of photophobia in patients has made the search for answers quite challenging. In the field of headaches, significant progress has been made recently on how specific visual networks contribute to photophobia features such as light-induced intensification of headache, increased perception of brightness and visual discomfort, which are frequently experienced by migraineurs. Such progress improved our understanding of the phenomenon and points to abnormal processing of light by both cone/rod-mediated image-forming and melanopsinmediated non-image-forming visual pathways, and the consequential transfer of photic signals to multiple brain regions involved in sensory, autonomic and emotional regulation. Conclusion: Photophobia phenotype is diverse, and the relative contribution of visual, trigeminal and autonomic systems may depend on the disease it emerges from. In migraine, photophobia could result from photic activation of retinadriven pathways involved in the regulation of homeostasis, making its association with headache more complex than previously thought.
Introduction
Abundant visual symptomatology in some headaches has driven scientists and clinicians to seek understanding of the intriguing association between the visual system and headache disorders. Historically, the most compelling association between these comes from patients' descriptions of visual hallucinations and scotomas, known today as visual aura (1) (2) (3) . The phenomenon behind these symptoms is widely accepted to originate in the cortex as a result of altered, geneticallydriven ionic imbalances capable of disrupting the dynamic equilibrium between excitatory and inhibitory networks (4) . Existing evidence supports the notion that abnormal cortical excitability is not only able to produce such visual or sensory hallucinations through cortical spreading depression (CSD) but also influences the way it processes sensory information from the outside world (5, 6) . Indeed, one of the hallmarks of migraine is multisensory dysfunction, which expresses itself in the form of increased sensory perception in what is classically referred to as migraine phobias or sensory allodynias. The common notion is that these sensory disturbances originate from abnormal processing in different cortical areas, including the visual cortex, but recent data suggest that pathological processing may occur downstream at lower levels of the visual pathways (7, 8) .
The pioneering description on the nature of photophobia by Lebensohn emphasizes the duality of the phenomenon by differentiating light sensitivity due to glare from that associated with induction or exacerbation of pain by light, which he called true photophobia. He suggested that painful photophobia depends on the functional integrity of both the optic and trigeminal nerves, and that light-induced pain may originate from iris constriction and vasodilatation driven by sensitized trigeminal axon reflexes. His conclusions were mostly made, however, from patients with ocular conditions, and did not distinguish these from photophobia in migraine (9, 10) . An effort to differentiate photophobia features in migraine was made by Drummond, who developed a photophobia questionnaire (11) and performed a series of psychophysical studies in headache sufferers. His findings expand on Lebensohn's view and suggest that migraine is associated with a subcortical inability to suppress glare and light-induced pain, and that trigeminal-autonomic reflexes further contribute to pain by promoting vasodilatation in painsensitized extra/intracranial vessels (12) (13) (14) .
Significant progress has been made since then, particularly in the last two decades, towards a better scientific understanding of how specific visual pathways contribute to photophobia. This progress also requires us to reshape the definition of photophobia as a neurological symptom, according to the disease or group of diseases it emerges from. There is, however, a growing body of evidence supporting the notion that neural pathways mediating light-induced intensification of headache in migraine may differ from the pathways mediating increased sensitivity to light or from those mediating ocular discomfort in prechiasmal conditions (8, 15, 16) . For example, photophobia perception in migraine has been recently shown to be influenced by activation of retinal photoreceptors and the photic signals they transmit to multiple brain regions involved in sensory, autonomic and emotional regulation (17, 18) . Therefore, in migraineurs, light could act as a strong modulator of a vast, multidimensional neuronal network involved in the regulation of homeostasis, making its association with headache more complex than previously thought.
In this review, we will first describe photophobia as a phenomenon, and then discuss clinical and preclinical evidence supporting the role of visual pathways, from the eye to the cortex, in the pathophysiology of migraine photophobia.
Definition of photophobia and mechanistic theories
The current definition of photophobia in medical literature is at best incomplete, as it fails to precisely describe the many forms this light-induced phenomenon can take. The strict meaning of the word -fear (phobia) of light (photo) -distance it from the common use of the term by clinicians and patients (photophobia sufferers) when attempting to describe light-induced neurological symptoms, which usually emerge in the form of (i) increased sensitivity to light or glare, (ii) intensification of headache and (iii) ocular pain or discomfort. Many neurological conditions have been associated with photophobia including migraine, traumatic brain injury, concussion, meningitis, intracranial tumors and subarachnoid hemorrhage. Similarly, a variety of neuro-ophthalmic disorders such as uveitis, iritis, cyclitis, keratitis, retinitis pigmentosa, cone-rod dystrophy, corneal damage and blepharitis present with photophobia as well (19) (20) (21) (22) . Controversy on the causes of photophobia and its use as a medical term remains, likely due to the scarcity of data and lack of thorough assessment of specific clinical features, particularly in the headache population. The long list of pathologies that are accompanied with photophobia, irrespective of the type, and the complexity of the interaction between visual and trigeminal systems, has made the search for answers quite challenging.
In the past, many theories on the mechanisms of photophobia have been proposed and were focused on whether photophobia depends on the functional integrity of either the optic nerve, the trigeminal nerve, or both. Many of these proposals implied that both systems should interact with each other somewhere along their paths to produce the painful form of photophobia. Altogether, these proposals included abnormal processing of visual stimuli by the visual cortex due to hyperexcitability or reduced habituation (23) (24) (25) (26) (27) (28) (29) ; by the thalamus or its alteration by top-down cortico-thalamic input from the striate cortex (30); due to parenchymal lesions in the occipital lobe, thalamus or anywhere in the central course of the trigeminal nerve leading to non-painful hypersensitivity to light, termed ''central dazzle'' (31); due to direct activation of pain fibers in the eye (e.g. cornea, iris, uvea) by light, which consequently activate the spinal trigeminal nucleus, midbrain and thalamus in migraine or ocular diseases such as corneal damage (32, 33) ; due to indirect activation of trigeminal pain fibers during parasympathetically-mediated vasodilation of ocular blood vessels (34, 35) ; due to mechanical compression and irritation of the basal meninges by tumors near the optic chiasm (20) ; and sympathetic dysfunction leading to suboptimal control over the pupil and increased retinal illumination in migraine (12, 36) and blepharospasm (37) .
Due to the many anatomical structures and medical conditions that are associated with photophobia, efforts to identify the underlying neurobiological mechanisms behind its different forms must continue to focus on the relationship between visual networks, trigeminal pain pathways and autonomic regulation at multiple levels, from the eye to the cerebral cortex, in a pathology-specific manner.
Visual pathways for exacerbation of headache by light
The vast majority of migraineurs with normal eyesight report that exposure to ambient light renders their headache more intense and that lights appear brighter than usual during an attack (11, 38, 39) . These clinical features may also in some cases be accompanied with ocular discomfort or pain, known as photo-oculodynia, especially when exposed to bright lights (15) . Migraine patients experiencing these light-induced symptoms of photophobia usually stop performing mundane tasks, wear glasses that diminish the amount of light reaching the eye and, when possible, seek the comfort of darkness. The common notion is that exposure to light that is otherwise comfortable to healthy people exacerbates the intensity of the headache. However, the identity of photophobia in migraine is particularly intriguing because it may express itself as light-induced exacerbation of headache alone, as increased brightness alone, or both, at any given attack, and in some cases with the additional presence of ocular discomfort (15) .
Despite the lack of distinction between these photophobia features, the high prevalence in migraine has placed it as one of the main criteria (besides headache characteristics) for the diagnosis of migraine (with and without aura) in the International Classification of Headache Disorders (40) , where photophobia is simply defined as ''hypersensitivity to light, usually causing avoidance''. Although less frequent, photophobia has also been reported in tension-type headache (TTH), headaches associated with traumatic brain injury, unilaterally in cervicogenic and cluster headache and other trigeminal autonomic cephalalgias (TACs) (11, 19, 39, 41) . However, there is virtually no research attempting to identify the cause of photophobia in these other headache conditions.
Insight into the role of visual networks for lightinduced intensification of headache emerged in a recent translational study with blind migraineurs (42) . The authors hypothesized that photic information carried through the optic nerve must be transmitted, at least partially, to retino-recipient brain targets for this phenomenon to occur. Accordingly, intensification of headache was perceived only by blind migraineurs with an intact optic nerve who were able to partially perceive ambient illumination but unable to form images due to degeneration of rod and cone photoreceptors (i.e. patients diagnosed with retinitis pigmentosa, retinal prematurity or cone/rod dystrophy). Conversely, totally blind migraineurs lacking any type of visual perception due to damage of the optic nerve (i.e. those with optic neuropathy, retinal cancer or enucleation), which translates to complete absence of photic information reaching their brain, testified that light does not hurt them during migraine. These optic nerve-compromised subjects also presented fragmented or irregular sleep patterns and deficient pupillary light response. These findings provided evidence that in the absence of visual signaling from rods and cones, light activation of the newly discovered intrinsically photosensitive retinal ganglion cells (ipRGCs) expressing melanopsin photopigment was sufficient to produce photophobia during migraine headaches (43) (44) (45) . Along with these clinical observations, anatomical and functional data obtained in rats further support this scenario (42) . Experiments using in vivo electrophysiological recordings of dura-sensitive (trigeminovascular) neurons in the thalamus showed that shining light into the contralateral eye induces robust and sustained increase in their activity. These light/dura-sensitive neurons, which are located in the lateral posterior (LP) and posterior (Po) nuclei, receive input from ipRGCs. In addition, the axons of these thalamic trigeminovascular neurons project to multiple cortical areas including somatosensory (S1/S2) and visual (V1/V2) cortices (42, 46) (Figure 1 ). Further evidence supporting the existence of such a pathway in humans comes from imaging studies showing blood oxygen-level dependent (BOLD) responses in the pulvinar (LP/Po area in the posterior thalamus of the rat) of patients undergoing a migraine attack with extra-cephalic allodynia (47) , and from diffusion MR tractography showing direct connections from the optic nerve to the pulvinar, and from the pulvinar to several associative cortical brain regions (48) . (see ''thalamo-cortical role in photophobia'' section below).
These studies suggest that the convergence of photic signals from ipRGCs onto the trigeminovascular thalamo-cortical pathway has the potential to explain how light intensifies the perception of headache during migraine. Additional evidence supporting the role of ipRGCs in migraine photophobia comes from a better understanding of their physiological role (49) (50) (51) (52) , as well as from patients' testimonies and research reporting that migraineurs are more sensitive to certain wavelengths of visible light (53) , and from the significant benefit they obtain when using lenses blocking bands of spectral light (54) (55) (56) . It is important to note however, that the sensitivity to selective light stimulation of the ipRGCs is not the only responsible for explaining the effects of blocking specific wavelengths, and therefore a single-player conclusion must be tempered by the knowledge that rods and cones provide visual signals to the ipRGCs under dim to moderately bright illumination.
Role of ipRGCs in migraine photophobia
As mentioned above, it is well established that activation of melanopsinergic ipRGCs under conditions when rod and cone visual signaling is compromised allows regulation of biological functions such as circadian photoentrainment, pupillary light reflex (PLR), melatonin release and eye development (44, 45, (57) (58) (59) (60) . Comprehensive reviews on the structural and functional properties of these photoreceptors highlight their role as an illumination detector system, optimally-driven by $ 480 nm wavelength photons producing blue in the visible spectrum (49, 61) . In fact, a study with blind individuals who were unable to form images due to the absence of cone-mediated visual signaling and were nominally unaware of light perception, yet with intact ability to photoentrain and regulate melatonin release, showed that they were able to correctly identify the interval period of a 481 nm test light but failed to detect it at other wavelengths. Such perception, described by them as ''brightness'', led to the conclusion that these photoreceptors might also contribute to some awareness of light (62) . This possibility is further supported by anatomical and functional evidence in primates and rodents showing direct ipRGC projections to the lateral geniculate nucleus (LGN), which in turn projects to the V1 cortex (63, 64) . Also, in neonatal rodents whose rods and cones are not fully developed, light stimulation induces a robust behavioral response of avoidance associated with aversion, which was completely abolished in mice lacking melanopsin photoreceptors (65) (66) (67) . Altogether, these studies unveiled previously unknown functions for non-image-forming pathways and suggest that the perceptual experience induced by direct activation of ipRGCs likely includes awareness and emotional reactions through continuous sensing of background illumination to regulate functional adaptation of the retina (49, (68) (69) (70) (71) .
In the context of migraine, further support for the role of non-image-forming pathways in photophobia emerged in a proof-of-concept study designed to maximally block blue light (480 nm) using notch filter lenses during 2-week periods in chronic migraineurs (54) . Using the headache impact test (HIT-6) and a photophobia questionnaire, the authors found that not only blue but also sham lenses filtering red light (620 nm) were beneficial for the headache and photophobia. The expected benefit of blocking blue and the surprising benefit of blocking red light was interpreted as due to the intrinsic bistable properties of melanopsin photopigment, by which red light could photoswitch melanopsin photopigment to a more sensitive state. Accordingly, under resting state (dark), melanopsin can be maximally activated by short wavelengths of light ($480 nm blue) through photoconversion of 11-cis to all-trans retinaldehyde isoform, which leads to ipRGC depolarization and transmission of photic information to the brain (49) . Direct application of long wavelengths ($620 nm red) was proposed to activate an intrinsic photorecovery mechanism (72,73); however, direct recordings of ipRGCs under red wavelengths failed to show a response (74) , thus opposing the bistability hypothesis described above. Nevertheless, despite the mechanisms involved, blocking specific wavelengths of light with tinted glasses has proven effective in decreasing migraine frequency in children and adults (55, 56) , and photophobia symptoms in blepharospasm (75) . From another therapeutic perspective, normalizing photic neurotransmission along visual pathways remains a potential and attractive target to treat migraine photophobia emerging from visual processes. Along this line, ipRGCs projecting to thalamic, hypothalamic and midbrain nuclei contain glutamate and pituitary adenylate cyclase-activating polypeptide (PACAP) as neurotransmitters (76) (77) (78) (79) , two molecules that have been largely implicated in migraine pathophysiology. For example, PACAP can trigger migraine-like headaches in migraineurs and healthy controls when injected intravenously (80, 81) , and it has been associated with a variety of functions relevant to migraine biology including stress, feeding, circadian rhythms and pain (82, 83) . Its receptors are also strategically located in a number of anatomical structures linked to migraine such as cranial vasculature, mast cells, sensory and autonomic neurons in the periphery, and brain areas including ipRGC-projecting targets and brainstem trigeminal nuclei (77, 84, 85) . Although, nitroglycerin-induced photophobic behaviors are greatly attenuated in transgenic mice lacking PACAP (86), the specific role of this peptide in migraine photophobia remains to be determined.
As mentioned above, additional retinal mechanisms are also involved in the type of photophobia experienced by migraineurs with normal eyesight, and although the neural mechanism unraveled by the Burstein's group (42) suggests an association between intensification of headache by light and ipRGCs (especially in blind subjects), activation of ipRGCs is also achieved extrinsically by rods and cones (87) through amacrine and bipolar retinal cells (88, 89) .
Role of cone/rod-driven retinal pathways in migraine photophobia
The classic image-forming photoreceptor system is at the forefront in color formation and contributes to light intensity processing at all times in activities of our daily life. For migraineurs with normal eyesight, virtually all luminous intensities can trigger uncomfortable features of photophobia (19) . They are hypersensitive to light in plain daylight or while facing a screen, in which S-M-and L-cones are more sensitive to color and high illumination conditions (photopic vision); in low illumination conditions where rods are more sensitive (scotopic vision); or when driving at night using both photoreceptors (mesopic vision) (90, 91) , which is a serious challenge for photophobic migraineurs. Given that migraine has also been associated with abnormal color vision and color discrimination (92) (93) (94) , maladaptive dysfunction of cones and/or rods' photoreceptors could play an additional role in migraine photophobia.
In a recent translational study, Noseda et al. (2016) documented classic photoreceptor contribution to migraine photophobia. A psychophysical study was performed in migraineurs with normal eyesight to test the effects of colors in headache intensity and other headache features. White, blue (447 AE 10 nm), green (530 AE 10 nm), amber (590 AE 10 nm) and red (627 AE 10 nm) lights were applied using a full-field Ganzfeld stimulator calibrated to deliver narrow bands of visible light at equal intensity to the human eye for 3 minutes. Surprisingly, green light significantly attenuated the headache intensity, as opposed to the exacerbating effect of white, blue, amber and red lights. Headache features such as throbbing, location and spread were also affected selectively. Mechanistic support was obtained by using color-selective electroretinography (ERG) and visual evoked potentials (VEP) in migraineurs, and electrophysiological recordings of dura/light-sensitive neurons in the rat LP/Po thalamic region. Green light evokes the smallest a-wave signal in the light-adapted flash ERG of migraineurs as compared to white, blue, amber and red. Similarly, neuronal responses of rat dura/lightsensitive neurons were milder under green illumination, and cortical P2 amplitude generated by green in patients interictally was significantly smaller than P2 evoked by other colors. These results suggest that the perception of headache intensity is selectively modulated by spectral light through photoactivation of cone-driven retinal pathways. The unexpected soothing effects of green light observed in the psychophysical study add to the previously known hypersensitivity to blue and red (53, 56, 75) , which is further supported by this study.
In the same cohort of patients, other light-induced non-sensory symptoms were studied under the premise that migraineurs also describe exposure to light as an unpleasant or uncomfortable experience. Psychophysical assessment showed that light, independent of the wavelength, triggered more changes in symptoms associated with autonomic functions during migraine than interictally or in control subjects (18) .
These symptoms included parasympathetically-mediated lacrimation, salivation, nausea and rhinorrhea, and sympathetically-mediated dry mouth, shortness of breath, chest tightness and palpitations, among other autonomic symptoms. In addition, the association between light and negative emotions such as feeling angry, scared, sad or stressed was stronger in migraineurs, as opposed to the association between light and positive emotions described as relaxing, happy, calming and soothing, which was stronger in control subjects than in migraineurs. Interestingly, green light was the only color able to trigger positive emotions during migraine, and red was most commonly associated to negative emotions. To delineate the neural mechanism behind these observations, a complimentary anatomical study in rats showed RGC axons interacting with hypothalamic neurons that project directly to the brainstem (superior salivatory nucleus, SSN) and spinal cord (intermediolateral nucleus, IML) nuclei involved in parasympathetic and sympathetic regulation, respectively. Hypothalamic neurons receiving retinal input were also shown to contain dopamine, histamine, orexin, melanin-concentrating hormone, oxytocin, or vasopressin. Altogether, the variety of autonomic symptoms contributing to the unpleasant sensations described by migraineurs could be associated with photic activation of these retinohypothalamic-parasympathetic (RHP) and retinohypothalamic-sympathetic (RHS) pathways ( Figure 2 ). The emotions triggered by colors of light, however, may originate from a more complex interplay between these retino-hypothalamic networks and limbic structures, as well as direct retinal input to the amygdala (64, 95, 96) . In addition, these findings raise the possibility that the hypothalamus is the culprit in abnormal parasympathetic and sympathetic functions during migraine. This possibility is further supported by the pivotal role played by the hypothalamus in migraine pathophysiology (see review on the hypothalamus in this same special issue).
Role of retinal pathways to midbrain and brainstem in migraine photophobia
Independent of the contribution of hypothalamic dysfunction, the role of the autonomic nervous system in photophobia is undisputable. Other potential mechanisms causing dysregulation of autonomic functions in migraine, in addition to the RHP/RHS pathways described above, could be linked to dysfunction of retinal pathways controlling pupillary light reflex (PLR) through autonomically-driven midbrain circuits (12, (97) (98) (99) (Figure 3 ). Along this line, further contribution of autonomic dysregulation in migraine photophobia was recently tested in a remarkable study by Brennan's group (100) . Quantitative measurement of PLR together with clinical evaluation and psychophysical assessment of photophobia threshold was performed in migraineurs and healthy controls. They showed that abnormal PLR was associated with low photophobia thresholds interictally, and that this abnormality was correlated with migraine severity. Chronic migraineurs and patients experiencing the most severe migraines (i.e. those exhibiting the highest HIT-6 and Migraine Disability Assessment (MIDAS) scores) had the lowest photophobia thresholds and displayed the greatest alteration in constriction latency (parasympathetic) and pupillary re-dilation (sympathetic) measurements. In addition to validating the pupillary function as a biomarker of migraine photophobia, the authors conclude that abnormal PLR is central in origin and reflects autonomic maladaptation to chronic light sensitivity. This is consistent with the notion of altered excitability in CNS structures in migraine pathophysiology (27, 101) . Pupillary light reflex involves transfer of photic information by cone/rod-ipRGC photoreceptors to the pretectal area in the midbrain, and from there to preganglionic parasympathetic (E-W) and sympathetic (IML) nuclei controlling iris movement through ciliary and superior cervical ganglia, respectively (102) . Interestingly, another mechanism involving retinal input to the pretectal area and autonomic regulation of the ophthalmic region has been proposed to contribute to photophobia. In this case, excess of light may lead to ocular pain or photo-oculodynia, which is another clinical manifestation falling into the definition of photophobia. Accordingly, bright light could induce ocular pain by activation of a retinal-olivary pretectal (OPN)-SSN pathway that drives vasodilation of choroid blood vessels. Ocular pain may then result from mechanical stimulation of sensitized trigeminal nociceptors innervating dilated eye vasculature (34, 35) ( Figure 3 ). Activation of these trigeminal nociceptors can further amplify photophobia through trigeminalautonomic reflex (12) and hypothalamic facilitation of trigeminal activity (103, 104) . These complementary mechanisms are thought to play a major role in the type of photophobia associated with inflammation of the uvea (iris, ciliary body and choroid), corneal damage and other prechiasmal pathologies (13, 15, 32, 105) .
These ocular structures are richly innervated by trigeminal sensory neurons containing CGRP and, given that CGRP plays a fundamental role in migraine pathophysiology, its contribution to photophobia is beyond doubt (106) . Indeed, photophobic behaviors such as increased light aversion or sensitivity to light have been shown in a transgenic mouse model of migraine presenting increased sensitivity to CGRP due to overexpression of the human receptor activitymodifying protein 1 (hRAMP1) (107, 108) . Behavioral data obtained using this model in combination with selective blockage of CGRP suggest that CGRP may contribute to photophobia through both peripheral and central, yet unknown, mechanisms (109) . 
Role of thalamo-cortical loop in migraine photophobia
A large body of evidence points to structural and functional abnormalities in the thalamus of migraineurs (47, 110, 111) . How these abnormalities impact the perception of photophobia is unknown, but as described above, thalamic neurons outside the main visual pathway can also process photic and nociceptive trigeminovascular signals and transfer them to the cortex (17, 42) . This scenario places light as another modulator of nociception at the thalamic level. Indeed, thalamic neurons are subjected to a variety of modulatory inputs from cortical, intrathalamic, hypothalamic and brainstem origin (112, 113) . In rats, thalamic LP/Po nuclei implicated in photophobia are influenced by a variety of neuropeptides and neurotransmitters from different sources such as GABA from the reticular thalamic nucleus; noradrenaline from the locus coeruleus; serotonin from the raphe nuclei; and histamine, MCH, orexin, acetylcholine and dopamine from a variety of hypothalamic and forebrain nuclei (18, 114) . Also, besides glutamatergic afferents from ascending trigeminal afferents (115, 116) , glutamatergic input from ipRGCs to LP but not Po has been shown in mice (64, 117) , suggesting that activation of thalamic trigeminovascular neurons in these nuclei by light may occur directly through retinal input and indirectly through other structures such as the superior colliculus (95, (118) (119) (120) and cortex (115) . Accordingly, thalamic LP/Po neurons not only send axonal projections to a variety of cortical areas involved in sensory processing (42, 46) but also receive massive projections from the cortex (112, 121) . Indeed, a single Po neuron in the thalamus was shown to integrate sensory ascending information with powerful cortical signals and transfer the integrated activity back to cortical networks (122) . In humans and primates, structural and functional homology of the LP/ Po area in rodents is found in the pulvinar (123, 124) , which has been associated with migraine photophobia (48) and projects to several cortical regions including the cingulate, visual association, somatosensory, parietal and prefrontal cortices (47, (125) (126) (127) , suggesting that this region of the posterior thalamus and its connectivity with the cortex play a wider role in sensory processing.
Observations that migraineurs are also more sensitive to light between attacks (11, 39, 128) and that lower thresholds for visual detection were measured in migraine with aura (129), led to the hypothesis of altered excitability of cortical areas involved in the processing of photic signals. Indeed, a recent PET imaging study with migraine patients and healthy controls showed that migraineurs have an intensity-dependent increased sensitivity to light correlated with increased activation of the visual cortex (25, 130) . Therefore, a hyperexcitable visual cortex incapable of habituating to visual stimuli was proposed as the neural substrate of migraine photophobia. Abnormally high neuronal excitability is not limited to the visual cortex; however, it may also include cortical regions involved in the perception of pain, sound, smell and taste, suggesting that other sensory hypersensitivities are mediated by abnormal excitability of cortical regions (23, 24, 27, (131) (132) (133) , or alternatively, by dysrhythmias in thalamo-cortical networks (134) .
Article highlights
. Photophobia is a poorly defined multi-symptomatic light-induced phenomenon. . The relative contribution of visual, trigeminal and autonomic mechanisms in photophobia may depend on the condition it emerges from. . Both cone/rod-mediated image-forming and melanopsin-mediated non-image-forming visual pathways contribute to photophobia in migraineurs with normal eyesight. . Migraine photophobia emerges from activation of retinal photoreceptors and the photic signals they transmit to multiple brain regions involved in sensory, autonomic and emotional regulation. . Blocking all colors of light but green may alleviate photophobia symptoms in migraine. . Photophobia's association with headache appears more complex than previously thought.
